CLASSIFYING EXPLOSIVE ERUPTIONS OF WEAK INTENSITY
The fi rst of a series of small pyroclastic eruptions from a new vent in the Halema`uma`u crater on Kīlauea volcano ( Low-intensity basaltic explosive eruptions are commonly discussed with respect to two end-member styles, Hawaiian or Strombolian, defi ned either observationally or in terms of deposit characteristics. In each case, the magma is disrupted by expanding, newly exsolved gases formerly dissolved in the magma (Papale, 1999; Namiki and Manga, 2008) . In Hawaiian fountaining eruptions, shallow evolved bubbles stay coupled to the rising melt, promoting sustained fountaining lasting hours to days. In Strombolian explosions, large bubbles can rise freely through the melt, creating transient impulsive explosions with durations of seconds. Hawaiian and Strombolian explosions are termed "dry," or magmatic, in contrast to a third form of weak eruption, "wet," or phreatic/phreatomagmatic fl ashing and expansion of steam from some external source of water, such as an aquifer (Barberi et al., 1989) or lake (Self and Sparks, 1978) . The two classic basaltic volcanoes, Stromboli and Kīlauea, are considered the type localities for Strombolian and Hawaiian eruptions, respectively, but Stromboli has infrequent, stronger prolonged eruptions with ejecta containing populations of coupled microvesicles (Rosi et al., 2006) , and Kīlauea has a spectrum of short-lived explosions termed informally "gas-pistoning," "spattering," and "puffi ng" linked to free escape of shallowexsolved volatiles (Swanson et al., 1979; Edmonds and Gerlach, 2007) . Both also have phreatomagmatic eruptions or eruption phases if the magma interacts with groundwater or lakes (McPhie et al., 1990; Mastin, 1997) .
The explosive start of the A.D. 2008-2010 eruption of Kīlauea (Wilson et al., 2008) was an event that fi tted none of these archetypes and showed another, under-recognized variant of decoupled fl ow of magmatic volatiles through a basaltic shallow conduit. It seems likely that a signifi cant number of earlier explosive eruptions from basaltic volcanoes are of this type, including much larger events at Kīlauea in 1790 and Mount Etna in 1979 (McPhie et al., 1990 Kieffer, 1981) .
THE 19 MARCH 2008 EXPLOSION
The 19 March 2008 explosive eruption was the fi rst event in a sequence of pyroclastic activity that extends to the time of writing. Larger discrete explosive eruptions, including 19 March, have been separated by intervals of vigorous free escape of magmatic volatiles ("outgassing"), accompanied by spattering and/ or emission of ash rich in the elongate and fl uidal glass particles known as Pele's tears and hair from a free surface deep in the vent system (Swanson et al., 2009 ).
Precursor Activity
Like most Kīlauea eruptions, the 2008-2010 events were preceded by increased seismic activity and heightened production of volcanic gases (Wilson et al., 2008) . The fl ux of shallowexsolved gases traditionally has been monitored via measurements of the discharge of sulfur dioxide (SO 2 ), which makes up some 4% of the total volatile fl ux. Enhanced seismic tremor at Halema`uma`u was observed in November 2007, followed by observations of increasing SO 2 emissions beginning in December. Longperiod earthquakes were recorded from 12 February 2008 and an increase in the frequency 
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of microearthquakes from 12 March 2008, when the gas emissions became centered upon a 150-m-wide area at the base of the southern wall of Halema`uma`u ( Fig. 2A) . Glow (indicating rock temperatures >500 °C) was fi rst seen on 14 March, and by 17 March, the gas emission had focused on at least 16 incandescent point sources in an area of 15 × 30 m. The fi nal measurement of SO 2 , at Kīlauea's summit, prior to the explosion was 1630 ± 130 tons/d on 18 March 2008, up from a background of ~150 tons/d during noneruptive times.
The 19 March 2008 Explosive Eruption
The 19 March 2008 explosion occurred at 2:58 a.m. (Hawaii time), preceded by three small impulsive high-frequency seismic events at and just after 2:55 a.m., which were probably the near-surface rock collapses accompanying formation of the crater (David Wilson, 2010, personal commun.) . The main explosion was associated with a long-period seismic event. No acoustic signal was present prior to the eruption, but the onset was marked by a decompressive infrasound signal attributed to a pressure decrease at the source . The duration of the explosive eruption, as inferred from the impulsive infrasound signal, was 53 s. It was followed by establishment of infrasonic tremor that has been interpreted to be the reverberation of a gas-fi lled cavity fi rst observed after the 19 March event .
The 19 March 2008 explosion produced a steep-walled 35-m-wide crater ( Fig. 2B and  inset) , at least 30 m deep , in the center of what had been the larger area of degassing ( Fig. 2A) . Only wall-rock (nonmagmatic) particles were ejected on 19 March. The clasts were a subequal mixture of glassy basaltic lavas and their hydrothermally altered equivalents. Juvenile ejecta, in the form of outgassed Pele's tears and hair, fi rst appeared 4 d later, on 23 March 2008 (Swanson et al., 2009; Wooten et al., 2009 . This volume of ejecta was, at most, 1% of the volume of the collapse crater, implying the existence of a substantial subterranean void prior to the eruption.
ERUPTION DEPOSIT

Dispersal, Deposit Thinning, and Particle Fining
Mass discharge rates can be obtained from observational data, as in this case, or inferred from some measure of the power of the explosions to transport pyroclasts. This measure is typically the rate at which a deposit thins away from its source (Walker, 1973; Pyle, 1989) . We can use thinning rate to compare the intensity of the 19 March 2008 eruption to those products of classical basaltic explosive eruptions.
Grain size and pyroclast type help place explosive eruptions into a process-oriented framework. Hawaiian (sustained) and Strombolian (short-lived) eruption deposits are both coarser grained and much poorer in wall-rock fragments than phreatic and phreatomagmatic products involving signifi cant quantities of external water (Walker and Croasdale, 1972; Self and Sparks, 1978; Wilson and Walker, 1985; Houghton et al., 1999) . This led Walker (1973) to propose a "fragmentation index" to distinguish wet and dry pyroclastic deposits. Figure 3 shows Cas and Wright's (1987) version of the classifi cation in which dispersal, a measure of the thinning rate of the eruption products, is used as a proxy for the eruption rate, and the fragmentation mechanism is inferred by Walker's fragmentation index.
The 19 March 2008 Deposits
The 19 March deposits had two clear components, a blanket of well-sorted lapilli-ash fall consisting entirely of fragments of the conduit wall and roof, which rose in the eruptive jet and then was advected to the southwest by the prevailing trade winds (Figs. 4A and 4B) , and a smaller elliptical apron of larger ballistic blocks, which had followed independent parabolic trajectories, been decoupled from, and remained unaffected by, the jet (Fig. 4C) . The ballistic blocks overlapped in their distribution with blocks erupted from Halema`uma`u in 1924, but they generally produced distinctive sharp impact on March 14, 2012 geology.gsapubs.org Downloaded from craters in the substrate and, on 19 March, were often still warm. We fi rst mapped the eruption deposits on the morning of 19 March and then on four subsequent days. We measured total mass per unit area, for the lapilli-fall deposit, as a proxy for deposit thickness (Fig. 4E) , and we measured three diameters for the fi ve largest clasts at each site (Fig. 4D) . The three diameters of each ballistic clast were measured in similar fashion (Fig. 4D inset) , and the mass was either measured using a portable balance, or estimated from its dimensions.
The advected fall deposit forms a thin blanket with a thinning half distance (the distance over which a deposit thins to half its former value; Pyle, 1989) of 32 m. This is slightly smaller than the values found for deposits of the more powerful Hawaiian and Strombolian eruptions (e.g., Mount Etna, 1971, 50 m; Kīlauea Iki, 1969, 70-85 m) and confi rms the weak nature of the 19 March 2008 eruption. The cross-wind rate of thinning of the deposit is so strong that the outer margins are represented not by a continuous bed but by a scattering of widely separated clasts (Fig. 4B) . Rapid fi eld deployment, the proximity of the eruption site to the Hawaiian Volcano Observatory, and the distinctive lithology of the particles permitted us to record the outermost limits of the 19 March fall deposit in uniquely fi ne detail out to mass/area values of less than 10 g/m 2 .
Grain Size
The clasts of the 19 March 2008 advected fall deposit are both relatively coarse grained and well sorted, strikingly so for a deposit that lacks a juvenile (magmatic) component (Fig. 5) . We performed grain-size analysis on all the isomass samples plotted in Figure 4E . The samples fi ne markedly with distance from source, like most pyroclastic fall deposits, but maintain very consistent sorting characteristics, which resemble those of sedimentation from "dry" eruptions at either Stromboli or Kīlauea (Cas and Wright, 1987) . There is no overlap at all with the products of deposition from "wet" jets/plumes, as exemplifi ed by the 1967 eruption of Surtsey (Walker and Croasdale, 1972) . Note that the deposits are also appreciably coarser grained and better sorted than typical Vulcanian products (Fig. 3) .
INFERRED ERUPTION MECHANISM
Pre-Eruption Environment
Our estimate of the volume of March 19 ejecta, 400 m 3 , is less than 1% of our minimum estimate of the void space present immediately after the eruption, assuming a +30-m-deep cylindrical cavity. This major volume discrepancy, between ejecta and the void, suggests a significant pre-eruptive cavity, which was only partially blocked at the surface by the talus derived from the Halema`uma`u wall. This cavity was a pathway for the free escape of magmatic gas, which was discharged through a network of pore space in the talus. The magma free surface, however, was signifi cantly deeper in the conduit.
Nature and Origin of the Gas Phase
It can be reasonably inferred that the gas phase involved on 19 March 2008 was the same fl ux of magmatic volatiles that were being discharged freely prior to and after the eruption. The fl ux of magmatic volatiles resumed immediately after the explosion and, for example, the SO 2 emission rate was measured as 1620 tons/d on the afternoon of 19 March compared to 1630 tons/d on 18 March. There is also no evidence at all for involvement of an external water source; the water table in the Kīlauea caldera is at ~600 m elevation, ~400 m below the fl oor of Halema`uma`u crater, and is likely to be >300 m below the level of the magma free surface.
In our preferred model, the erupted volatiles represent a pocket of magmatic gas that was momentarily trapped between the time of the precursory rock falls into the cavity at 2:55 a.m. and the explosive eruption at 2:58 a.m. Prior to and after this period, the Halema`uma`u vent was in a state of "open" outgassing. The total mass of particulate ejecta from the 19 March 2008 explosion was 4.1 × 10 5 kg. Assuming that the gas emissions accumulated for 3 min, we can calculate the total fl ux of volatiles that was then abruptly released. We do this using the measured SO 2 emission rate for 19 March, 1.6 × 10 6 kg/d, and the weight fraction of SO 2 to total volatiles released measured in situ by Fourier transform infrared spectroscopy (FTIR), 4.2%. This value equates to a total gas fl ux of 3.8 × 10 7 kg/d or 2.7 × 10 4 kg/min. This calculation produces an approximate mass for the trapped and released volatiles of 8.1 × 10 4 kg, which equates to a gas mass fraction of 0.19; this overlaps with the lower values calculated for Strombolian explosions by Chouet et al. (1974) and Blackburn et al. (1976) of 0.71-0.94 and 0.11-0.38, respectively.
ISSUES
The 19 March 2008 eruption was driven by release and expansion of magmatic volatiles but without physical involvement of the magma that was the source of those volatiles. This is in essence an unrecognized end member in a spectrum of pyroclastic activity also including Hawaiian fountaining, Strombolian explosions, spattering and gas pistoning, which represent progressively more complete decoupling of exsolved volatiles from the host melt. The 19 March 2008 eruption and its deposits do not fi t comfortably in preexisting classifi cations for explosive eruptions.
Once clasts from the subsequent eruptions in 2008 mingled with the scattered 19 March 2008 pyroclasts (Fig. 6 ), we were not able to detect the true margins of the deposit from any single event. In 2010, the apparent "footprint" of the 19 March 2008 deposit appears to be only 70% of the true value. This has important implications for the mapping and interpretation of lapilli-sized deposits on all volcanoes, potentially leading to signifi cant underestimates of the range of particle fallout. The diffuse lateral margins of the deposit also would lead to a signifi cant underestimate of the "footprint" of the eruption from the permanent stratigraphic record, which raises warning signs in the context of accurate delineation of hazard zones for future, potentially more powerful activity at Kīlauea and elsewhere. It is likely that eruptions and deposits of this type are quite frequent on basaltic volcanoes but are "neglected or overlooked" (Barberi et al., 1992) in descriptions of their eruptive activity. 
